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The operating temperature dependence of dynamic magnetic characteristics of the annealed Fe7gSi;3Bg 
amorphous alloy core was systematically investigated. The core loss, magnetic induction intensity and 
complex permeability of the amorphous core were analyzed by means of AC B-H loop tracer and im- 
pedance analyzer. It is found that the operating temperature below 403 K has little impact on core loss 
when the induction (B) is less than 1.25 T. As B becomes higher, core loss measured at high temperature 
becomes higher. For the cores measured at power frequency, the B at 80 A/m and the coercivity (He) at 
1T decline slightly as the temperature goes up. Furthermore, the real part of permeability (’) increases 
with the rise of temperature. The imaginary part of permeability (#”) maxima shifts to lower frequency 
side with increasing temperature, indicating the magnetic relaxation behavior in the sample. In addition, 
with the rise in the operating temperature of the annealed amorphous core, the relaxation time tends to 


Complex permeability : 
increase. 


1. Introduction 


Fe-based amorphous alloys have emerged as an attractive core 
material for transformers, inductors and electric motors due to 
their excellent soft magnetic properties such as high saturation 
magnetization, high permeability, low coercivity and low core loss 
[1-4]. Since the power transmission and energy conversion sys- 
tems often work under the AC magnetic field with a various am- 
plitude and frequency, it is extremely essential to study the dy- 
namic magnetic properties of the amorphous magnetic cores. 
Great efforts have been devoted to describe the various factors 
which influence the dynamic magnetic characteristics, e.g. the 
thermal treatment conditions [5,6], the DC current excitation |7- 
9], the non-sinusoidal excitation [10], the AC magnetic field am- 
plitude [11,12]. However, few investigations have been done on 
analyzing the AC magnetic properties of ferromagnetic amorphous 
alloys at various operating temperature. 

Nevertheless, thermal consideration is one of the most critical 
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aspects of electronics design, because of the components can be 
heated by external sources and their own energy losses. Inductors 
and transformers are often designed for significant temperature 
rise in order to accommodate the operating temperature or opti- 
mize cost, size, and performance. Therefore, it is important for the 
magnetic designer to understand the behavior of magnetic cores at 
elevated temperatures. Having this understanding is also vital for 
selecting the best type of material for each application, and for 
ensuring that the magnetic device will be functionally safe at its 
maximum operating temperature. It is necessary to investigate the 
temperature dependence of dynamic magnetic characteristics of 
the amorphous alloy core. 

In this paper, the dynamic magnetic characteristics including 
magnetic induction intensity, core loss and magnetic permeability 
under different operating temperature in the annealed Fe7gSi13B9 
amorphous alloy cores are systematically investigated. The re- 
search is carried out by means of complex permeability mea- 
surements as a function of two independent variables, y= '(f, T)— 
iu”(f, T), where f is the AC frequency, T is the operating tempera- 
ture and i is the imaginary number. Furthermore, the relations 
among the magnetic relaxation frequency, relaxation time and the 
operating temperature are illustrated. 


2. Experimental procedures 


Commercial amorphous alloy ribbon prepared by single copper 
roller melt-spinning technique with nominal composition 
Fe7sSi9B43 (at%) and thickness of about 23 um was bought and cut 
into 15mm wide. The as-quenched ribbon was wound auto- 
matically into the toroidal core with the inner diameter of 
20.4 mm and the outer diameter of 31.3 mm. For measuring the 
dynamic magnetic properties of the amorphous alloy, the core 
samples were isothermally annealed at 693 K for 60 min (the op- 
timal annealing condition) in a flowing Argon atmosphere to re- 
move residual strain. A coating was applied then for dielectric 
protection and extra physical strength. The as-quenched and an- 
nealed ribbons were confirmed to be full amorphous structure by 
X-ray diffraction (XRD) with Cu Ka radiation. Enameled copper 
wire which can bear the measurement temperature were chosen 
for the winding coil. The operating temperature from room tem- 
perature to 433 K was adjusted by putting the core in a muffle 
furnace. 

In situ measurement for the AC hysteresis loops and core loss 
were performed by using AC B-H loop tracer under the frequency 
of 50 Hz. The exciting coil and searching coil are 20 turns and 
2 turns, respectively. Complex permeability at a frequency range 
from 100 Hz to 10 MHz of the amorphous core with 20 turns coil 
was in situ measured by using an impedance analyzer (Agilent 
4294) equipped with a test fixture (16047E). The amplitude of AC 
current was kept at constant value during the frequency sweep 
(with 201 discrete frequencies) to produce the constant amplitude 
of AC magnetic field on the sample. 

The complex permeability spectrum, containing of frequency 
dependence of real and imaginary part of complex permeability, is 
expressed as a complex quantity have a form, “=y’— ip". The real 
and imaginary parts of the complex permeability was calculated 
based on the equivalent circuit by the following relations [13-15]: 
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where yp’ is the real part of the complex permeability that de- 
scribes the inductive part which store the energy. jz” is the ima- 
ginary part of the complex permeability that represents the dis- 
sipative part which contribute to energy loss. w’ and u” both vary 
with frequency and temperature. L, and R, are the equivalent in- 
ductance (H) and resistance (Q) of the core with winding. Ro is the 
DC resistance of enameled copper windings (Q). fis the measuring 
frequency (Hz). N is the number of turns of windings. h is the 
height of the toroidal core (mm). OD and ID are the outer and the 
inner diameter of the toroidal core (mm). op is the permeability of 
free space: 4m x 1077 (H/m). 


3. Results and discussion 


The AC B-H loops of the annealed Fe7gSi9B;3 amorphous tor- 
oidal core at the frequency of 50 Hz were measured under oper- 
ating temperature of 343 K, 373 K and 433 K. The results are pre- 
sented in Fig. 1. It can be observed that the applied magnetic field 
(H) increases with increasing operating temperature when the 
magnetic induction intensity (B) achieve same values. In order to 
gain a B up to 1.35 T, the applied H are 115 A/m under 343 K, 145 A/ 
m under 373 K, and 180 A/m under 433 K, respectively. Fig. 1 also 
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Fig. 1. Temperature dependence of AC B-H loops at a frequency of f=50 Hz for 
annealed Fe7gSigB;3 amorphous alloy toroidal core. 


shows that the area within the AC hysteresis loops generally in- 
creases with the rise in the temperature. The area enclosed by the 
hysteresis loops is directly related to the core loss. It has been 
accepted that the total core loss contains of three parts [16,17]: 
(1) the hysteresis loss determined by the dynamic hysteresis loops, 
(2) the eddy current loss caused when the lines of flux pass 
through the core, including electric current in it, and (3) the re- 
sidual loss caused by the magnetic relaxation or the magnetic 
after-effect. 

Since the AC hysteresis curves and core loss are very useful 
information from the application point, the temperature depen- 
dence of core loss at the frequency of 50 Hz as a function of 
magnetic induction intensity are also measured. As shown in 
Fig. 2, the influence of operating temperature on core loss is not 
obvious when the induction (B) is less than 1.25 T. As B becomes 
higher, core loss measured at high temperature becomes higher. 
Take the sample measured at B=1.35 T and f=50 Hz for an ex- 
ample, the core losses are 0.331 W/Kg under 343 K, 0.349 W/Kg 
under 373 K, and 0.403 W/Kg under 433 K, respectively (shown in 
Table 1). The P1.35/50 increased 34.5% at 403 K compared with that 
at room temperature (293 K). It indicates the core loss of the 
amorphous core is sensible to the temperature when B is more 
than 1.25 T. 


0.55 
0.50 
0.45 
0.40 
0.35 
0.30 
0.25 
0.20 


Core loss, P (W/Kg) 


0.15 
0.10 


0.05 
0.8 0.9 1.0 1.1 1.2 1.3 1.4 


Induction, B (T) 


Fig. 2. Temperature dependence of core loss at a frequency of f=50 Hz as a func- 
tion of magnetic induction intensity for annealed Fe7gSigB;3 amorphous alloy tor- 
oidal core. 


Table 1 
Magnetic properties of annealed Fe7gSioBı3 amorphous alloy toroidal core mea- 
sured under different temperatures. 


Temperature, T (K) Bso/so (T) He1j50 (A/m) Pi35/50 (W/Kg) 
293 1.386 4.75 0.319 
343 1.325 4.71 0.331 
373 1.309 4.68 0.349 
403 1.272 4.67 0.427 
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Fig. 3. The real part (y’, a) and the imaginary part („”, b) of the complex perme- 
ability as a function of frequency for the annealed Fe7gSi9gB;3 amorphous alloy 
toroidal core at selected operating temperatures and the constant magnetic field 
amplitude H,,=0.12 A/m. The inset illustrates the variation of yw’ as a function of 
frequency from 2 kHz to 20 kHz at different temperatures and H,,=0.12 A/m. 


Table 1 also shows the temperature dependence of the mag- 
netic induction intensity and coercivity (H.) for the annealed 
Fe7gSigB;3 amorphous core measured at the frequency of 50 Hz. It 
is observed that the B at 80 A/m and the H. at 1T both decline 
slightly as the temperature goes up. For example, the Bso/50 and 
Haso only reduced 8.2% and 1.7% at 403 K compared with 293 K, 
respectively. To keep loss low, soft magnetic cores are not operated 
near saturation in many applications.Here, Bgoj59 is magnetic in- 
duction intensity at 50 Hz under the applied magnetic field of 
80 A/m, He1/s0 is coercivity at 50 Hz under the induction of 1 T, 
P,35/50 is core loss at 50 Hz under the induction of 1.35 T. 

Fig. 3 shows the frequency dependence of complex perme- 
ability spectra measured at various operating temperatures and in 
the frequency range from 1 kHz to 10 MHz. It can be found from 
the complex permeability curves exhibit a typical Debye-type re- 
laxation character. Because the real part of the complex perme- 
ability (’) measured under low magnetic field with amplitude Hm 
=0.12 A/m, it can be considered as the initial permeability. In 
Fig. 3a, the variation of ju’ with the increase of frequency can be 
separated into three distinct regimes: (1) remain fairly constant in 
a wide frequency range from low frequencies to 20 kHz, (2) slowly 
decrease with an increase in frequency from 20 kHz to 100 kHz, 
and (3) sharply fall when the frequency is higher than 100 kHz. For 
the annealed Fe7gSigB;3 amorphous toroidal core, the variation of 
W with frequency is attributed to the domain wall motion and the 
magnetic relaxation |18]. The w’ keeps constant at low frequencies 


because of the domain wall are pinned and the magnetization 
process is associated with the reversible movements of domain 
wall (domain wall bulging). As frequency increases, u’ reducing 
toward very low values can be attribute to the magnetic relaxation 
dispersion. 

The variation in the imaginary part of the complex perme- 
ability (u”) with frequency measured at different operating tem- 
peratures is shown in Fig. 3b. It is observed that the u” varies with 
increasing frequency also having three distinct regimes:(1) slowly 
decrease at f< 10 kHz, (2) increase with a rise in frequency from 
10 kHz to 1 MHz, and (3) sharply fall when the frequency is above 
1 MHz. The u” goes through maximum at a frequency about 
1 MHz, which is connected to the relaxation frequency of domain 
wall bulging designated as f, [15]. Further, it is noticed from these 
figures that the peaks of u” shift to lower frequency side with 
increasing temperature, indicating the magnetic relaxation pro- 
cess in the sample. The increase of the maxima of u” with ele- 
vating temperature can be explained from the increased in the 
resistance of the sample. 

Inset of Fig. 3a shows the curves of ju’ verses temperature at the 
given frequency range from 2 kHz to 10 kHz. It can be clearly ob- 
served that yw’ increases with the temperature rises. In the an- 
nealed amorphous core, the permeability shift with changing 
temperature is relatively large. When measured at f=2 kHz and 
Hm =0.12 A/m, w follows an increasing tendency from 1937 at 
293 K to 2536 at 433 K. The percentage shift of w’ increased 15% at 
323 K, 22% at 373 K and 31% at 433 K compared with room tem- 
perature, respectively. 

In order to get a clearer visualization of relaxation processes 
caused by the change of the frequency and temperature, the 
simple construction of a Cole-Cole plot can be realized by plotting 
of the complex permeability in the complex plane, where each 
point is obtained at different frequency. The evolution of Cole—Cole 
plots of the complex permeability under the magnetic field am- 
plitude H,,=0.12 A/m is depicted in Fig. 4. The variation of u” with 
W' has been shown at different temperatures. The corresponding 
frequency for each point increases from right to left. The shape of 
plots is temperature dependent and semicircle. The curves attain 
lager curvature as the temperature increases. All these semicircles 
merge and terminate on the jw’ axis at higher frequency side. The 
domain wall bulging shows a clear relaxation behavior, as con- 
firmed by the semicircles in the Cole-Cole plots. 

Frequency dependence of relative quality factor (Q) for the 
annealed Fe7gSigB;3 amorphous alloy toroidal core under different 
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Fig. 4. Evolution of Cole-Cole Plots of the complex permeability for annealed 


Fe7sSigB;3 amorphous alloy toroidal core under selected operating temperatures 
and the magnetic field amplitude H,,=0.12 A/m. 
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Fig. 5. Frequency dependence of relative-Q factor for the annealed Fe7gSigB13 
amorphous alloy toroidal core under selected operating temperatures. 


temperatures has been displayed in Fig. 5. Relative quality factor 
calculated from the loss factor (tan ô). tan ô and Q can be ex- 
plained as: tan d=y"/u', Q=1/tan 6. For all the measured tem- 
peratures, the Q curves show similar trend with the frequency. The 
value of Q increases with the rise in frequency showing a sharp 
maximum and then decreasing with the further increase in fre- 
quency. From the Q-f curves, it also can been found that the value 
of Q increases as the temperature rises. Highest value of Q of the 
annealed core was recorded at 433 K. Generally, the energy loss is 
related to domain wall motion, domain wall bowing, and localized 
variation of the flux density. Moreover, losses of amorphous soft 
magnets might also arise due to the other factor: hysteresis loss, 
eddy current loss and residual loss. 

In order to investigate the influence of the activation energy on 
domain wall motion process with different frequencies. For the 
annealed Fe7gSi9B;3 amorphous alloy toroidal core measured at Hm 
=0.12 A/m, the yw’ as a function of temperature is shown in Fig. 6. 
The yw’ increases with the increase of temperature measured at 
four frequencies. Activation energies of these frequencies can be 
gotten by using Kissinger equation as follow: 
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Fig. 6. Temperature dependence of the real part of complex permeability, x’ for the 
annealed Fe7gSigB;3 amorphous alloy toroidal core measured at different fre- 
quencies and the constant magnetic field amplitude Hm=0.12 A/m. 
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Fig. 7. Kissinger plots of In(w’) versus 1/T for the annealed FezgSigB43 amorphous 
alloy toroidal core. 
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where R is the universal gas constant: 8.314 J/mol/K, T is the ab- 
solute temperature. Thus E can be gained from the slop of straight 
line indirectly. Three Kissinger plots are shown in Fig. 7. The ob- 
tained activation energies E}, E) and E, measured at 20 kHz, 
100 kHz and 200 kHz are 2.14 kJ/mol, 2.59 kJ/mol and 3.03 kJ/mol, 
respectively. This result indicates that the frequency increases the 
activation energies of domain wall displace. Higher activation 
energy for the sample with higher frequency means the domain 
wall motion process is required to overcome a higher energy 
barrier [19]. 

It is interesting to found that the relaxation frequency (f+) shifts 
towards lower frequency side with increasing temperature (shown 
in Fig. 8), which can be explained as follows. The relaxation time 
(Tr) has been deduced from the corresponding frequency of the 
peak values by using the relation w,7, =1, where w,=27 f,, and 
the relaxation time T,= 1/ (27 f+) [20]. From Fig. 8, the 7, is found to 
increase with the temperature rising. The relaxation time basically 
gives an estimate of the dynamics of the magnetic relaxation 
process occurring in the sample. Every deactivation of one mag- 
netization mechanism results in a decrease of yu’ and an occur- 
rence of single peak in u” frequency dependence. This magnetic 
relaxation behavior results in the dispersion of magnetic 
permeability. 
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Fig. 8. Temperature dependence of Relaxation frequency and Relaxation time for 
the annealed Fe7sSioB13 amorphous alloy toroidal core. 


4. Conclusions 


The influence of operating temperature on the dynamic mag- 
netic characteristics including magnetic induction intensity, core 
loss and magnetic permeability of the annealed Fe7gSi,;3By amor- 
phous alloy cores were systematically investigated. The AC hys- 
teresis curves confirm that the area within the AC hysteresis loops 
generally increases with the rise of temperature. The influence of 
operating temperature on core loss is not obvious when the in- 
duction (B) is less than 1.25T. As B becomes higher, core loss 
measured at high temperature becomes bigger. The P1.35/so in- 
creases 34.5% at 403 K compared with that at room temperature 
(293 K). For the cores measured at power frequency, the B at 80 A/ 
m and the coercivity (H,) at 1 T decline slightly as the temperature 
goes up. The representative Bgojso and He1j50 only reduced 8.2% 
and 1.7% at 403 K compared with 293 K, respectively. 

The complex permeability analysis reveals that high yz’ and low 
4" values are observed at low frequencies. The yw’ increases with 
the rise in temperature, and the u” goes through maximum at a 
frequency about 1 MHz. Further, the peaks of u” shift to lower 
frequency side with increasing temperature, indicating the mag- 
netic relaxation process in the sample. The increase of the maxima 
of u” with elevating temperature can be explained from the in- 
creased resistance of the sample. The relaxation time is found to 
increase with increasing temperature. 
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